A bank of Tn9/7-insertional mutants from the facultative intracellular pathogen Listeriu monocyogenr.r was screened by an original method based on bacterial growth on synthetic medium under iron-limiting conditions. One mutant, whose in vitro growth in synthetic medium was specifically dependent upon the availability of iron in its environment, was isolated and characterized. The insertional event occurred in a non-coding region, upstream of a rm operon and located within a I IOO-kb Not1 fragment of the physical map, where the virulence genes already identified in L. monoc~ogme.s were also present. Protein analysis by SDS-PAGE revealed a pleiotropic effect of the insertional event on cell-associated proteins, suggesting a polar effect of the transposon on adjacent unknown gene(s). The virulence in the mouse of this mutant was strongly impaired, although it was capable in vitro of growing intracellularly and of spreading from cell to cell, as shown by the production of lytic plaques on cell culture.
Introduction
Iron is essential for bacterial growth, serving as a catalyst in electron transport processes required for respiration [I] . Bacteria exposed to iron-limiting conditions have elaborated a large array of mechanisms to acquire free iron from the environment, especially bacterial pathogens [2] . Indeed, the concentration of free iron Fe3' in animal tissues does not exceed about IO-" M, because iron is complexed to various molecules, including heme and proteins, as lactoferrin and transferrin in the extracellular fluids or ferritin and iron-sulfur proteins in the intracellular environment [Il. This amount is not sufficient to support microbial growth, since Gram-negative bacteria require 0.3-1.8 ,uM and Gram-positive bacteria and fungi 0.4-4 PM iron [3] . The limiting level of free iron in vivo therefore restricts the multiplication of most microorganisms encountered in nature, except microbial pathogens that replicate in host tissues during the infectious process [2] . Although our knowledge on the mechanisms of iron acquisition systems in vitro have greatly progressed during the recent years, their relevance to the in vivo setting remains poorly understood, especially with regard to intracellular pathogens.
Listeria monocytogenes is the prototype of facultative intracellular pathogens, responsible for severe infections in most animal species, including humans. The expression of virulence of this pathogen is dependent upon the in vivo level of iron, since administration of iron in mice increases its virulence, whereas this can be reversed by removing host iron with chelating agents [4] . Moreover, the intracellular amount of iron regulated through transferrin receptors is essential for the bactericidal activity of macrophages and for intracellular growth of L. but instead releases a soluble, low molecular mass (S-10 kDa) reductant that removes Fe3+ from transferrin and produces Fe'+, allowing direct interaction of Fe'+ with bacterial surface binding sites [6] . This extracellular reductase requires NADH, flavin mononucleotide and Mg'+ as cofactors [7, 8] . Other iron acquisition systems have been described, involving direct binding of ferric citrate on the cell surface [7] and direct binding of transferrin through a specific 126-kDa receptor [9] . However, nothing is known about the genetics of these iron acquisition systems and their role in vivo during the infectious process. In this work, we isolated an iron-dependent.
Tn 917 insertional mutant from L.
monoc_vtogerzes expressing attenuated virulence.
Materials and methods

Bacterial strains and transposnn mutugenesis
Listeria monocytogenes LO28, a virulent hemolytic strain was used in this study. Mutagenesis was performed with transposon Tn917 present on plasmid pTV 1, as previously described [ 101. Bacteria were grown to mid-exponential phase at 30°C in BHI broth with chloramphenicol (7 pg ml-' > and erythromycin (5 pg ml-'). Tn917 insertion mutants were obtained by incubating bacteria 48 h at 42°C on BHI agar supplemented with the same concentration of erythromycin, thus selecting for transposition events from the plasmid into the chromosome and for loss of the plasmid pTV1. The transposon-induced mutants were shown to be chloramphenicolsensitive, plasmid-free. The transposition events occurred at a frequency of IO-". Each mutant was subcultured in BHI broth (erythromycin 10 pg ml-' > on microplates incubated for 24 h at 37°C and then stored at -80°C.
Culture media und bucterial growth cuu'es
Bacteria were routinely grown on complex culture media, as Brain-Heart-Infusion (BHI) agar and broth (Diagnostics Pasteur, Mames-la-Coquette, France), trypticase-soya agar supplemented with 1% (w/v) glucose, and Columbia agar medium supplemented with 5% (v/v) horse blood (bioMCrieux, Marcy-I'Etoile, France). Biochemical identification was made on API-50 CH (bioMCrieux). Hemolysin titration and lecithinase production were performed on culture supematants of bacteria grown in BHI broth, as previously described [ 1 I] . Anaerobic cultures were made on blood agar under anaerobic conditions (GasPak, bioM&ieux). A synthetic medium derived from that described by Ralovitch et al. [ 121 was also used. The base medium designated FO (2 X ) was composed as follows: KH, PO,, 9 g; K 2 HPO,, 2 1 g; NaCI, 10 g: (NH&SO,, 42 g; glucose, 40 g; L-isoleucine, 100 mg; L-leucine, 100 mg; L-valine. of FeSO, (Sigma) at pH 7.2. FeSO, is easier to dissolve at neutral pH than Fe,(SO,), or FeCI,. We also used FeCl, (Sigma) to complement the synthetic media with the same results. According to the final concentration of FeSO,, these media were designated F35 (35 FM), F70 (70 PM) and F350 (350 PM). FO was depleted of iron with a chelator. ethylene diamine N,N-diacetic acid (EDDA, Sigma). LO28 could grow in liquid or solid synthetic medium FO added with up to 150 PM EDDA (final). This iron-depleted medium (designated E150) was used to screen iron-dependent mutants from L028. Synthetic media were always inoc- ulated with bacteria grown on iron-limiting conditions incubated for 48 h at 37°C. All bacterial cultures in synthetic media were made with plastic flasks and iron-free materials. Growth curves of mutants from LO28 were followed after incubation of bacteria in shaking water bath at 37°C on various synthetic media supplemented with erythromycin (I 0 pg ml-'). LO28 wa. c cultured in antibiotic-free medium. At various times, aliquots were adequately diluted and plated on BHI agar (bioMCrieux) and colonies were counted after a 24-h incubation. The generation time was estimated by calculating the average slope of the bacterial replication curve during the exponential growth phase.
Chemicals, enzymes, DNA techniques
Restriction enzymes were purchased from New England Biolabs inc. (Beverly, MA) and were used as prescribed by the manufacturer. Listeria chromosomal DNA, DNA electrophoresis. Southern blotting and hybridization with 3' P-labelled probes were performed as previously described [ 10.131. Cloning was done in pUC 18 using Escherichia coli MC1061 [ 131. The nucleotide sequence was determined by dideoxy-chain termination method with the modified T, DNA polymerase sequenase'" (United States Biochemical Corp.), and [ cu-35S]dATP. Pulsed-field gel electrophoresis (PFGE) was performed on chromosomal DNA of L. monncytogenes as previously described [ 141. DNA samples in agarose were then digested with 10 U of Not1 (Biolabs) at 37°C. Restriction fragments were separated by PFGE using a CHEF-DRII apparatus (Bio-rad). After electrophoresis, DNA was transferred to Hybond N filter (Amersham) as previously described [ 141. Southern blot hybridization was performed using a erm probe obtained from Tn 917 harbored on pTVl [ 151. The probe was labelled with digoxigenin-I 1 -dUTP and detected with the Non-radioactive labelling and detection kit (Boehringer Mannheim Biochemicals, Tutzing, Germany).
Iron reductmse acticit?
The plaque assay for ferric iron reducing activity was as modification of the method of Deneer and Boychuk [8] . The bacterial suspension in distilled water (5 ~1) was plated on TS agar with or without ferric ammonium citrate (I mg ml ' ) and ethylenediamine-di (0hydroxyphenylacetic acid) (EDDHA) (1.3 mM). After overnight incubation at 37°C. plates were overlaid with 0.5% low melting point agarose solution containing
MgCl, (IO mM). NADH (15 PM), flavin mononucleotide (FMN. 3 PM) and the ferrous iron chelator ferrozine (2 mM) which visualizes the reductase activity as a purple color [8] . E. co/i MCI 061 was used as a negative control.
SDS-PAGE and Western blot unalyis
SDS polyacrylamide gel (10%) electrophoresis was performed on washed bacteria as previously described [I 1 I. Proteins were detected by Coomassie brilliant blue (Bio-rad). Western blot analysis was performed on supematants from bacteria grown for 9 h at 37°C in 2 mM EDDA-BHI broth. as previously described [I I] , using a rabbit anti-LLO [l 11 and revealed with a peroxidase-labelled goat anti-rabbit immunoglobulin (Organon Teknika. Cappel, Malvem. PA), diluted 1: 1000. Enzymatic activity was revealed by the addition of diaminobenzidine-tetrahydrochloride (Sigma) supplemented with hydrogen peroxide (0.02%).
Pluqur us.~c~~.s on cell monolayers und ~,irulence in the mouse
Plaque assays on HEp-2 cells were performed as previously described [l6], except that infection was made with various inocula from strains in the exponential growth phase (IO", 10' or IO' bacteria per well). For virulence tests, specific-pathogen-free ICR female Swiss mice (Charles River, St. Aubin-lesElbeuf, France), 6-8 weeks old, were inoculated intravenously with bacteria grown in BHI. Virulence was estimated by monitoring bacterial growth in liver and spleen at various times after infection, as previously described [IO] .
Results and discussion
Isolation of a T&17-induced iron-dependent mutunt ,from L. monnc_vtogene.s
A bank of 3200 Tn917-insertional mutants was constituted by using L028-pTV1 and stored on mino
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Letters 133 (I 9951 77-83 croplates at -80°C. For screening, IO ~1 of each well containing individual mutants were subcultured on liquid synthetic medium F35 supplemented with erythromycin (10 pg ml-' ) and incubated for 3 days at 37°C. This step of bacterial growth was crucial to partially deplete iron from the bacterial inoculum grown on BHI broth and to allow further screening procedures. All mutants were grown up to 5 X 10' bacteria ml _ ' and then screened on two liquid synthetic media containing erythromycin (10 pg ml-' >: F350 (iron-supplemented medium) and El 50 (irondepleted medium). Out of 3200 mutants, only seven mutants were capable of growing on F35 and none on El 50, as opposed to the parental strain LO28 which could grow on both media. One iron-dependent mutant, designated 3H12, was stable and was further characterized, as compared to LO28 and to a randomly chosen control, Tn9/7-insertional mutant 19E8, also capable of growing on both screening media as well as the parental strain. The bacterial growth of 3H12 was first studied on BHI broth at 37°C in a shaking water bath as compared to LO28 and mutant 19E8. No difference in bacteria1 multiplication was observed between the strains, with a mean generation time estimated at about 0.7 h (data not shown). Growth of 3H12 was then tested on liquid synthetic media, FO, F70, and F350, after inoculation with bacteria grown 48 h in F70 (Fig. 1) . Bacterial growth of LO28 was restricted on synthetic media, with a mean generation time estimated at 4.2 h on FO. Similar results were obtained with 19E8 (not shown). In contrast, growth of 3H12 was severely inhibited on FO with a mean generation time of 17.5 h. Bacterial multiplication was restored in 3H12 by addition of iron reaching 4.5 h in F70 (as compared to 3.1 h for LO28 and 19E8), and 3.3 h in F350, as the control strains. Moreover, bacteria1 growth curves of mutants were also determined in synthetic media added with FeCl, with the same results. These results confirm that bacteria1 replication of 3H 12 is strictly dependent upon the availability of iron.
Phenotypic analysis qf the iron-dependent Tn917 mutant
Mutant 3Hl2 was only resistant to erythromycin and harbors a single copy of Tn917 as previously described [ 10,151. It did not differ from LO28 and l9E8 with respect to its microscopic morphology, colonial aspect, motility, catalase, lecithinase and biochemical tests on API-50 CH. No difference in hemolysin production on blood agar medium in aerobic and anaerobic conditions. Hemolytic titers in supernatants of BHI broth (10 h-l 8 h) were similar to those of control strains, as confirmed by Western blot analysis of supematants using an anti-LLO serum (not shown). The iron reductase activity of 3Hl2 was not inhibited since the mutant could reduce ferric iron (as LO28 and 19E8) , giving rise to purple colonies on specific medium.
The protein pattern of 3H12 was studied by SDS-PAGE with lysates of washed bacteria grown on BHI broth. As illustrated in Fig. 2 , several differences were consistently detected in these conditions, especially the presence of additional bands (84-97 kDa), and the loss of two bands (22-25 kDa), as compared to the protein patterns of LO28 (Fig. 2) . Mutant 19E8 displayed the same pattern as LO28 (not shown). The same results were obtained after growth on synthetic medium FO (data not shown). No difference was detected by SDS-PAGE analysis 208 bp of the supematants (data not shown), indicating that the iron-dependent phenotype might be related to cell-associated proteins rather than to secreted proteins. This pleiotropic effect on the protein pattern as a result of a single insertional event favors the view that the transposon inhibits a gene or a set of genes acting on multiple targets, such as regulatory genes that might control the iron-dependent phenotype.
Tn917 has inserted in a non-coding region downstream of a rm operon
The next step was to locate the site of the transposon insertion on the chromosomal DNA of L. monocytogenes. For this purpose, the flanking region of the transposon insertion on the chromosomal DNA of 3Hl2 was cloned into the Hind111 site of pUCl8. After transformation of E. coli MC1061, transformant E. coli were selected for erythromycin resistance, the erm gene being located at the left end of Tn917 without the Hind111 site, thus generating pAB21. The sequence analysis of the 3.14-kb insert of pAB21 revealed that Tn917 has inserted into a non-coding region of the chromosomal DNA (Fig.  3) . Interestingly, at the left part of the 208-bp fragment of chromosomal DNA, there is a 62-bp region showing 96% nucleotide homology with the gene coding for the 5s RNA of Bacillus methanolicus and related Gram-positive bacilli belonging to the genus Bacillus (the 5s rRNA gene of L. monocytogenes has not been previously sequenced). By cloning a 5-kb EcoRI fragment from the chromosomal DNA of LO28 using a 214-bp HindIII-AcaI probe from pAB21, we sequenced a 502-bp fragment located downstream the 5s RNA gene, which shares almost 100% nucleotide homology with the 23s rRNA gene of L. monocyrogenes previously sequenced [ 17,181, thus indicating the left orientation of the rrn operon. We then located the insertion of Tn 917 on the chromosomal DNA by PFGE. The DNA fragments from 3Hl2 and LO28 were probed with an intragenie erm probe, obtained from pTV 1. It was found by Southern blotting that the probe recognized only a large Not1 fragment of 1 100 kb previously identified as containing the virulence genes, including the virulence operons pr$A and lecithinase, and the inlA-i&B genes [ 141. Our results indicate that transposon insertion took place upstream one of the six rrn operons described in L. monocytogenes [14] . The pleiotropic effect on the protein pattern of the mutant, as a result of a single insertional event, strongly suggests a polar effect on adjacent unknown genes located at the right of the transposon. By colony hybridization using the 2 14-bp HindII-AcaI fragment from pAB2 1 as a probe, we succeeded in cloning a 5-kb region of LO28 where Tn917 had inserted. Sequencing of this entire region currently in progress shows that Tn917 has inserted upstream of at least three ORFs oriented in the opposite direction of the rrn operon.
Iron-dependent mutant has attenuated virulence
Mutant 3Hl2 was able to invade and grow in vitro in HEp-2 cells, producing lytic plaques of the same size and number as those observed with the parental strain, indicating that 3Hl2 can invade, multiply inside host cells and spread from cell to cell, as L028. The virulence of bacterial strains (3H12, LO28, and 19E8) was then studied in Swiss mice by determining the kinetics of bacterial growth in the spleen and liver after i.v. inoculation of 5 X IO' bacteria per mouse (Fig. 4) . LO28 and 19E8 rapidly grew in organs until the death of mice by day 3, reaching 107-IO8 per organ. The early kinetics of bacterial multiplication of 3H 12 was very similar to those of control strains in the spleen and liver during the first 24 h of infection (Fig. 4) , suggesting that bacteria were capable of invading and multiplying in hepatocytes and macrophages. After 24 h, the growth of mutant 3Hl2 was curtailed, with a rapid elimination of bacteria from the spleen and liver by day 2-5 of infection. The finding that 3Hl2 produced lytic plaques in vitro on confluent HEp-2 cells confirms that the pfA-dependent virulence genes implicated in the intracellular cycle are fully expressed in 3H 12. The reason why bacterial growth is curtailed in vivo after 24 h of infection, at a time when bacteria are released from hepatocytes due to the in situ recruitment of cytotoxic cells, including neutrophils [ 191, remains to be determined. However, it must be considered that the intracellular milieu contains a variety of potential iron sources readily available to intracytoplasmic pathogens, including heme, heme proteins, the iron storage protein ferritin, iron-sulfur proteins and a small pool of free ferrous iron. Therefore, it is possible that there is no strong iron limitation in the intracellular environment for intracytoplasmic bacteria, especially inside hepatocytes, which means that the curtailment of bacterial growth in vivo might mainly take place as soon as bacteria are released from their intracellular sanctuary. Whether this restriction of bacterial growth is directly due to the iron-dependent phenotype or to other unknown factors that might be under the same control of putative regulatory gene(s) abrogated by the transposon insertion, remains to be determined by the entire sequencing of the insertional region which is currently in progress.
